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The concrete delamination induced by prestressing forces is a potential problem of 
post-tensioned concrete containments with curved geometry. To investigate the concrete 
delamination mechanism, the researchers of the University of Texas at Austin completed 
an experimental research project in 2017. In this research project, the academic finite 
element method (FEM) program VecTor4, which has powerful shell-type elements for 
cracked reinforced concrete shells, was modified and proved to be an appropriate tool to 
predict the level of applied prestressing load at the delamination failure. 
VecTor4 has a well-defined reinforced concrete material model and capability to 
analyze the structures on an overall system level with low computational resources. 
However, its user interface has limitations, and the details of the local behavior of 
structures may not be captured due to its simplicity. On the other hand, commercial FEM 
programs generally provide a convenient graphical-based user interface and various 
analysis features. Still, typical commercial FEM programs are not designed to analyze the 
 vii 
concrete structures. Some commercial FEM programs provide concrete material models; 
however, they tend to require significant calibration analyses to capture the behavior of 
reinforced concrete structures. Specifically, to capture the delamination of concrete walls 
with those programs, solid elements should be selected, which should increase the 
computational costs. However, commercial FEM programs can potentially provide the 
details of the local behavior of structures. 
Recently, an experimental test investigating the concrete delamination 
phenomenon was conducted. In this recent test, numerical analyses with the commercial 
FEM program Abaqus ware conducted as well as the analysis with VecTor4 to explore 
other options in commercial FEM programs. This paper will show the analysis results of 
both Abaqus and VecTor4 for the recent test. Additionally, the discussion on the relative 
merits and limitations of these programs obtained from the experience of the analyses for 
the recent test is presented. 
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Chapter 1. Introduction 
Nuclear containments are required to maintain the structural integrity and function 
as a barrier preventing the leakage of radioactive particles from internal components under 
different possible scenarios. The post-tensioned prestressed concrete structure has been 
widely adopted to nuclear containments over the past decades as it can show high 
performance against extreme loads such as the internal pressure caused by severe nuclear 
accidents. 
Prestressed concrete techniques can increase the resistance against tensile stresses 
of a containment structure subjected to internal pressure by enforcing in-plane compression 
forces through tendons embedded in concrete. However, accompanying the in-plane 
compression forces, out-of-plane normal stresses generate in a prestressed concrete curved 
structure due to the curved profile of tendons (see Figure 1.1). Excessive out-of-plane 
stresses can result in the cracks, or even worse, cause wall delamination failure. 
 
Figure 1.1: Out-of-plane stress induced by prestressing force in post-tensioned concrete 
curved structure (adapted from Choi et al., 2017) 
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This chapter will provide a brief overview of the past research on the delamination 
behavior of post-tensioned concrete curved shells and discuss the research significance of 
the present study. 
1.1. BACKGROUND 
The concrete delamination in the wall section of nuclear containment was first 
found at the Crystal River Nuclear Power Plant Unit-3 in Florida during the construction 
of an additional opening in 2009 (NEA-CSNI, 2015). Several incidents of the similar 
concrete delamination in the dome sections of nuclear containment structures had also been 
reported since the 1970s (Florida Power and Light Company, 1970; Florida Power 
Corporation, 1976; Basu and Gupchup, 2004) (see Figure 1.2). These incidents motivated 
researchers to investigate the root cause of the delamination phenomenon in post-tensioned 
concrete curved structures (Acharya and Menon, 2003; Wang and Munshi, 2012; Bae 
2013; Wang and Munshi, 2013), and the provisions in the code for out-of-plane 
reinforcement were revised (ASME, 2015). However, none of the experimental research 




Figure 1.2: Delamination crack in a post-tensioned concrete containment structure 
A series of experimental tests had been conducted by researchers at the University 
of Texas at Austin to improve the understanding of the delamination behavior of post-
tensioned concrete curved structures (Choi et al., 2017; Choi, 2018, Choi et al., 2020). In 
the research project, three post-tensioned curved wall specimens were designed and 
constructed to investigate the effect of the specimen size and the maximum aggregate size 
on the mechanism of concrete delamination. The tests revealed that the specimen size and 
the maximum aggregate size affect the delamination cracking as well as the delamination 
failure load. Additionally, it was found that the circumferential compressive stress level at 
the first delamination crack was considerably lower than the service stress limit of 0.35𝑓  
specified in the ASME BPVC (ASME, 2015; Choi, 2018). In the same research project, an 
analytical study was also conducted using noncommercial nonlinear finite element analysis 
program (NLFEA), VecTor4, which employs layered shell finite elements to model 
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reinforced concrete shell structures. The VecTor4 program was modified to accommodate 
out-of-plane normal stress distributions of post-tensioned concrete curved shells properly, 
and the analysis results demonstrated that the modified VecTor4 program could predict the 
general trend of the delamination behavior of post-tensioned curved walls with high 
efficiency. 
1.2. MOTIVATION 
FEM is a powerful technique for solving complex problems to evaluate the 
behavior of structures and may provide further insights into structural tests if it is 
appropriately used. In this regard, the modified VecTor4 program was proved to be an 
efficient tool to evaluate and understand the wall delamination in the previous research. 
VecTor4 is equipped with a well-defined reinforced concrete material model and has the 
capability to analyze the structures on an overall system level with low computational 
resources. However, its pre- and post- processors have limitations, and the details of the 
local behavior of structures may not be captured due to its simplicity. On the other hand, 
commercial FEM programs generally provide a convenient graphical-based user interface 
and various analysis features. However, typical commercial FEM programs are not 
designed to analyze the concrete structures. Though some commercial FEM programs 
provide concrete material models, those models tend to require a lot of calibration analyses 
to capture the behavior of reinforced concrete structures subjected to complicated load 
conditions. Further, to capture the delamination of concrete walls with those programs, 
solid elements should be selected, which also increases the computational costs. However, 
commercial FEM programs can potentially provide the details of the local behavior of 
structures. 
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Recently, a supplemental test for the concrete delamination was completed at the 
University of Texas at Austin to investigate the influence of tendon spacings. Regarding 
the analytical study, the commercial program Abaqus was employed as the potential 
alternative option to analyze the wall delamination. The analysis with Abaqus was 
attempted in addition to the investigation with the modified version of VecTor4. 
This thesis primarily aims to provide the relative merits and limitations of Abaqus 
and the modified VecTor4 obtained from the experience of the analyses for the recent test. 
In the next section, the latest experimental test of the post-tensioned concrete curved wall 
is briefly summarized. Then, nonlinear finite element analyses for the test with both 
Abaqus and VecTor4 are shown. Finally, the discussion focusing on the validity, and the 
computational cost are presented.  
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Chapter 2. Summary of Recent Test 
The recent test was conducted as an additional test to the previous series of tests for 
a better understanding of the delamination behavior of post-tensioned concrete curved 
walls. The test was primarily aimed to investigate the influence of the tendon spacing on 
the delamination behavior. This section provides a summary of the recent test: further 
details and discussion were reported by Choi (2020). 
2.1. TEST SPECIMEN 
The test specimen was a 90-degree post-tensioned concrete curved wall 
representing a cylindrical concrete structure (see Figure 2.1). The curved wall section was 
mainly designed following the requirement of ACI 318-14 and ASME BPVC Section Ⅲ, 
Division 2 (ACI Committee 318, 2014; ASME, 2015). The mild reinforcing bars were 
provided with a ratio of 0.40 % in the interior and exterior surface of the specimen in the 
circumferential direction. The nominal reinforcement ratio in the vertical direction was 
0.28 % on both surfaces. The wall was constructed without through-thickness (radial) 
reinforcement. The live-end and dead-end anchor blocks were designed sufficiently rigid 
to avoid their failure during the test. Two ducts of tendons were placed on the line slightly 
shifted from the exact center of the wall section due to the eccentricity of the strands in 
each duct (see Figure 2.1). In this manner, the strands were deemed to be at the centerline 
of the wall during the test. These ducts were distributed evenly in the vertical direction. 
The curved galvanized steel tubes with a 14-gauge thickness (0.085 in. [2.16 mm]), of 
which outer diameter was 4.0 in. (102 mm), was adopted for the tendon ducts. Each duct 
contained 19 strands with a diameter of 0.6 in. (15 mm). 
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Figure 2.1: Test specimen 
The material properties of the test specimen are summarized in Table 2.1. The 
compressive strength was measured from concrete cores after the test. Direct tensile testing 
was used to determine the tensile strength. The maximum coarse aggregate size was 1.0 in. 
(25.4 mm). Regarding the Grade 60 No.4 reinforcing bars, the mechanical properties 
shown in the table are based on the test report from the reinforcing bar supplier. Material 
properties of Grade 270 seven-wire strands are also shown in the same table. 
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Table 2.1: Material properties 
Concrete Compressive strength 6.65 
 fc', ksi (MPa) (45.9) 
 Compressive secant modulus 4,760 
 Ecs, ksi (MPa) (32,840) 
 Direct tensile strength 388 
  ft', psi (MPa) (2.68) 
No.4 Reinforcing bar Yield stress 63.0 
 fy, ksi (MPa) (434) 
 Ultimate strength 92.0 
 fu, ksi (MPa) (634) 
 Elastic modulus* 29,000 
  Es, ksi (MPa) (200,000) 
0.6 in. (15 mm) Ultimate strength 285 
Seven wire strands fu, ksi (MPa) (1,965) 
 Elastic modulus 29,000 
  Es, ksi (MPa) (199,950) 
* The typical value was assumed for the elastic modulus of reinforcing bars. 
Instrumentations were densely placed at 15-degree, and 45-degree locations as the 
delamination was expected to form around 15-degree from the live-end anchor block. 
Linear strain conversion transducers (LSCTs) were installed at 9-, 15-, 21-, 33-, and 45-
degree locations to measure through-thickness (radial) expansions of the curved wall 
during the testing. The strain gages were attached to both circumferential and vertical 
reinforcing bars at 15- and 45-degree location. Embedded concrete strain gages were 
installed in the radial direction at 15- and 45-degree. Concrete surface strain gages were 
placed at the 15- and 45-degree location.  
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2.2 TEST SETUP AND LOADING PROTOCOL 
The overview of the test setup is depicted in Figure 2.2. The live-end anchor block 
was fixed to the laboratory floor. The polytetrafluoroethylene (PTFE) sheets were placed 
under the curved wall and the dead-end anchor block to mitigate the friction between the 
specimen and the wooden base. In this way, the specimen could be statically determinate 
during the structural test. A steel plate that was 10-in. (254-mm) thick served as a stressing 
plate and was placed in front of the live-end anchor block. Four 800 kips (3560 kN) rams 
were mounted on the live-end anchor block. Those rams pushed the stressing plate away 
from the live-end anchor block so as to apply the prestressing loads on the strands. 
The prestressing loads were applied monotonically to the specimen during the test. 
However, the loading was stopped before its failure due to an unexpected rotation of the 
stressing plate, and the specimen was unloaded. After thorough inspection and realignment 
of the stressing plate, the specimen was loaded again until delamination failure occurred. 
The total applied load was 1460 kips (6496 kN), and failure occurred in a brittle manner. 
 
Figure 2.2: Test setup 
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2.3 VISUAL INSPECTION AND TEST RESULT  
The expected behavior modes of the test specimen are summarized in Figure 2.3. 
The global bending moment and the buckling of the wall are grouped as a global behavior. 
The behaviors induced by shear force and bending moment over the height of the specimen 
were considered as a sectional behavior, and the delamination cracking near the ducts was 
thought to be a local behavior. (Choi, 2018, Choi et al., 2020). 
 
Figure 2.3: Specimen behavior due to prestressing load: (a) global behavior; (b) sectional 
behavior; and (c) local behavior. (reproduced from Choi 2018) 
Figure 2.4 shows the crack patterns of the specimen after the delamination failure. 
The red lines in Figure 2.4 (a) represent the horizontal surface cracks formed along the duct 
elevation, which are likely induced by the sectional bending moment over the height of the 
section due to the prestressing load. As shown in Figure 2.4 (b), the extent of delamination 
crack was observed from 0 to 60 degrees from the live-end anchor block. The inclined 






    
Figure 2.4: Crack patterns of specimen after delamination failure: (a) front-view; (b) top-
view; and (c) sectional view at 15-degree location 
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Through-thickness wall expansion is one of the most critical indicators of wall 
delamination. The applied prestressing load versus radial expansion data of the section at 
9-degree, 15-degree, 21-degree, and 33-degree at the height of the upper tendon are 
compared, as shown in Figure 2.5. The expansion data at 9-degree location shows the most 
considerable deformation at the peak load among the radial expansion data at the height of 
the upper tendon. On the other hand, the data-at 33-degree location implies the smallest 
deformation. It is deemed that this is because the prestressing load should reduce from the 
live-end to the dead-end due to friction loss in the tendon, which should affect the radial 
stress. The through-thickness expansion data at the 9-degree, 15-degree, and 21-degree 
locations were selected to validate the analysis results shown in the later section because 
these locations are considered to be more critical than the 33-degree location due to the 







Figure 2.5: Through-thickness expansions at the height of upper tendon: (a) locations of 
























0.000 0.001 0.002 0.003 0.004 0.005
①② ③④





The applied prestressing load versus the circumferential strain on the inner surface 
of the concrete wall ware compared at the locations of 15-degree and 45-degree in Figure 
2.6. It should be mentioned that the circumferential strain data shown in the figure were 
averaged over the height of the specimen at each section. The circumferential strain at the 
15-degree location is larger than that of the 45-degree location, which implies that the 
larger prestressing loads ware applied on the 15-degree than the 45-degree location. These 









Figure 2.6: Circumferential strain on the inner surface of the concrete wall: (a) locations 






























Chapter 3. Nonlinear Finite Element Analysis 
A series of nonlinear FEM analyses were performed to investigate the relative 
merits of a commercial FEM program and the academic program, VecTor4. For 
commercial software, Abaqus was chosen because it is one of the most widely used multi-
purpose FEM programs, which is equipped with nonlinear material models for concrete. 
VecTor4 is an academic FEM program specialized in reinforced concrete structures and 
already validated to be capable of capturing for the delamination behavior of the post-
tensioned concrete curved walls in the past studies conducted by Choi (2018). 
This chapter will present a brief overview of the FEM programs employed in this 
thesis, and the analysis results for the recent test using each program. 
3.1 ABAQUS 
Abaqus is a commercial FEM program widely used in both academia and industry 
for the purpose of detailed behavioral analysis, evaluation, and design for various 
structures. To investigate the performance of Abaqus on analyzing the delamination 
behavior of the post-tensioned concrete curved walls, Abaqus 3DEXPERIENCE R2017x 
was employed.  
Abaqus provides both implicit and explicit solver. The subsequent analyses were 
conducted with the implicit solver called Abaqus/Standard, which is necessary for quasi-
static/monotonic analyses. It is also worth noting that an efficient parallel computing 
scheme of Abaqus allows users to perform large-scale model analysis in reasonable 
computing time with its implicit solver. 
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3.1.1 Concrete Damaged Plasticity Model (CDPM) 
For concrete material modeling, Abaqus/Standard offers two material models: the 
concrete smeared cracking model, and the concrete damaged plasticity model (CDPM). 
The concrete smeared cracking model is designed for the concrete with low confining 
pressures subjected to monotonic loadings. On the other hand, the CDPM can be suitable 
for more general loading conditions, including cyclic and dynamic loadings; hence the 
CDPM was adopted in the subsequent analyses with Abaqus (Dassault Systemes Simulia 
Corp, 2017). The CDPM in Abaqus is based on the plasticity theory coupled with the 
damage mechanics proposed by Lubliner et al. (1989) and modified by Lee and Fenves 
(1998). This subsection provides a brief overview of the CDPM to contrast the adopted 
material models of Abaqus and VecTor4. 
The constitutive models of the classical plasticity theory can be characterized by a 
yield function, a hardening law, and a flow rule. A yield function describes the state of 
materials by limiting the domain of stresses in which the material can be considered as 
elastic (Souza Neto et al., 2008). Its boundary is termed with a yield surface. A hardening 
law controls the evolution of a yield surface with hardening variables. A flow rule defines 
the development of plastic strains. The plasticity theory generally assumes that the total 
strain rate 𝜀 can be decomposed into the sum of the elastic strain rate 𝜀  and the plastic 
strain rate 𝜀 . The elastic response can be determined by generalized Hooke’s law (Chen, 
1982).  
In the CDPM, the elastic response of the material is determined considering the 
degradation of elastic modulus induced by damage of cracked concrete as described below: 
. 
𝝈 1 𝑑 𝑫 : 𝜀 𝜀 𝑫 : 𝜀 𝜀 , Equation 3-1 
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where 𝑑 is the scalar stiffness degradation variable; 𝑫  is initial elastic modulus; and 
𝑫  is degraded elastic modulus. The variable 𝑑 represents the ratio of the damaged area 
to the overall cross-sectional area of the material. It takes values ranging from zero to one.  
The CDPM is described in terms of effective stress. The effective stress 𝝈 is the 
representative value of stress virtually acting on the undamaged load-carrying area, which 
is defined as, 
 𝝈 ≝ 𝑫 : 𝜀 𝜀 . Equation 3-2 
In the CDPM in Abaqus, the equivalent plastic strains in tension 𝜀̃  and 
compression 𝜀̃  are defined as hardening variables. These variables involve the 





. Equation 3-3 
The yield function is described in terms of the effective stress and the hardening 
variables, as shown below: 
 𝐹 𝝈, 𝜀̃ 0. Equation 3-4 
The specific form of the yield function in Abaqus (see Equation 3-5) was initially proposed 





𝑞 3𝛼?̅? 𝛽 𝜺 〈𝜎 〉 𝛾〈 𝜎 〉 𝜎 𝜺 ＝0,  
Equation 3-5 
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where 𝜎  is the maximum principal effective stress, ?̅?  is the hydrostatic pressure 
stress, and 𝑞 is the Mises equivalent stress. The values of 𝛼, 𝛽, and 𝛾 in the Equation 3-




2 𝜎 /𝜎 1










, Equation 3-8 
where 𝜎 /𝜎  is the ratio of the biaxial compressive yield stress to uniaxial compressive 
yield stress, 𝜎 𝜀̃  is the effective compressive cohesion stress, and 𝜎 𝜀̃  is the 
effective tensile cohesion stress. The shape factor 𝐾  in Equation 3-8 determines the 
shape of the yield surface. 
Many of the plasticity models for soils, rocks, and concrete, including the CDPM, 
employ the non-associated flow rule to account for the dilatancy effect of those materials. 
In the non-associated flow rule, the plastic strain evolves normal to the plastic potential 





, Equation 3-9 
where 𝜆 is the nonnegative plastic multiplier; and 𝐺 𝝈  is the plastic potential function. 
The CDPM in Abaqus adopts the Drucker-Prager hyperbolic function as a plastic potential 
function, as shown below. 
 
𝐺 𝜖𝜎 tan𝜓 𝑞 ?̅?tan𝜓, Equation 3-10 
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where 𝜓 is the dilation angle of plastic potential function measured in the ?̅?-𝑞 plane at 
high confining pressure; 𝜎  is the uniaxial tensile stress at failure, and 𝜖  is the 
eccentricity parameter (see Figure 3.1). Due to the adoption of the non-associated flow 
rule, the CDPM requires the solution of nonsymmetric equations. 
 
Figure 3.1: Plastic potential function (reproduced from Dassault Systemes Simulia Corp, 
2017) 
Additionally, Abaqus provides the function called the viscoplastic regularization of 
the constitutive equations to reduce the convergence difficulties induced by the material 
softening. The convergence of the implicit solutions can be more difficult when the 
material model shows severe softening responses. This function helps the tangent stiffness 
of the materials in the softening regime to be positive. A sufficiently small value of the 
viscosity parameter 𝜇 relative to the time increment of the analysis for the viscoplastic 
regularization can improve the convergence rate without the undesirable impact on the 
analysis results (Dassault Systemes Simulia Corp, 2017). 
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3.1.2. Modeling of Curved Wall Specimen 
3.1.2.1 Parameters for Material Models 
The recent test specimen showed the inclined cracks in its section (see Figure 2.4 
(c)), which implies that the specimen experienced severe local shear induced by the 
prestressing loads. Therefore, the parameters for the CDPM were calibrated primarily 
based on the analytical studies on the punching shear failure of the concrete slabs with 
Abaqus conducted by Genikomsou (2015). 
For the CDPM, users need to define the uniaxial stress-strain relationship of 
concrete in both compression and tension. In the present study, Hognestad (1973) parabola 
described with the equation below was adopted for the concrete compression behavior. It 
was assumed that the concrete shows a linear elastic response up to 40 % of the peak stress 
(Genikomsou et al., 2015; Genikomsou, 2015). In Figure 3.2, the dotted line shows the 
original curve of the Hognestad parabola, and the gray line shows the Abaqus input. The 
region enclosed by the gray line has the same area of the region enclosed by the Hognestad 
parable. Parameters required to determine the parabola are defined based on the material 








, Equation 3-11 
where 𝜀  is the strain at the peak stress 𝑓
′
. The strain at the peak stress 𝜀  were 
assumed based on the equation shown below. 
 




Figure 3.2: Uniaxial stress-strain relationship in compression (reproduced from 
Genikomso, 2018) 
Regarding the tension side of the concrete before the cracking, the linear elastic 
response was assumed. For the concrete after the cracking, the fracture energy-based 
cracking criterion proposed by Hillerborg (1976) was used (Dassault Systemes Simulia 
Corp, 2017). The fracture energy Gf was defined based on CEB-FIP MC 90 with the 
compressive strength obtained from the concrete cores. The stress-crack displacement 





, Equation 3-13 
where Gf0 is the base fracture energy which can be calculated from the CEB-FIP MC 90, 
and fcm is the mean value of the compressive strength of concrete (Comite Euro-
International du Beton, 1993). The calculated value of Gf based on CEB-FIP MC 90 in the 




Figure 3.3: Uniaxial stress-crack width relationship (reproduced from Hillerborg, 1985) 
The stiffness degradation variable 𝑑 has great significance when the structures are 
subjected to cyclic or dynamic loadings (Genikomsou et al., 2015; Huang, 2012). In this 
study, this variable was omitted because the curved wall specimen was assumed to be 
subjected to quasi-static loading. Therefore, the analysis model in this study should behave 
as a plasticity theory-based model (Wahalathantri et al., 2011; Genikomsou, 2015; 
Wosatko, 2019). 
The values of 30-degree and 1.0×10-8 were assigned to the dilation angle and 
viscosity parameter, respectively. These values are based on the parametric studies shown 
in the later sections. Other parameters for the CDPM were set to the default values provided 
by Abaqus. The adopted parameters for the CDPM were summarized in Table 3.1. 
  
 24 
Table 3.1: Adopted values for parameters of CDPM 




Stress ratio* Shape factor*  Eccentricity* Dilation angle  Viscosity parameter 
σb0/σc0 Kc  𝜖 ψ, -degree  μ 
1.16 0.667  0.1 30  1.0×10-8 
* The default value provided by Abaqus R2017x was adopted.  
Reinforcing bars and tendons were discretely modeled with truss bar finite 
elements, which is detailed in the next subsection. In terms of the material model for the 
reinforcing bars, the classical plasticity model was employed. The engineering stress-strain 
relationship for the reinforcing bar was adopted based on the trilinear (elastic hardening) 
model, as shown in Figure 3.4. The adopted mechanical properties for the reinforcing bars 
were based on the past material test conducted by Choi et al. (2018). The reported yield 
stress, the tensile strength, and the elastic modulus ware 60.7 ksi (419 MPa), 96.4 ksi 
(665 MPa), and 28,630 ksi (197,380 MPa), respectively. As for the strands in the tendons, 




Figure 3.4: Stress-strain relationship for steel (reproduced from Wong et al., 2013) 
3.1.2.2 Finite Element Modeling 
The geometry of the specimen is considered to be symmetrical in its vertical 
direction if the friction between the specimen and the floor is negligible, so the upper half 
of the test specimen was modeled to reduce the computational cost, as shown in Figure 3.5. 
The analysis model consists of four portions: the curved wall, the dead-end block, 
reinforcing bars, and a tendon. The curved wall and the dead-end anchor block were 
modeled with brick elements, which are 20-noded second-order hexahedral elements with 
the reduced Gaussian integration called C3D20R in Abaqus, which have a 2×2×2 
integration scheme (Dassault Systemes Simulia Corp, 2017). This element was selected to 
avoid the shear locking and the spurious zero-energy numerical effect. The dead-end block 
was heavily reinforced, and no damage was observed, so its stiffness was set to be 
significantly large relative to the other portions. 
The horizontal and vertical reinforcing bars were modeled with truss elements and 
constrained to the brick elements using the embedded technique provided by Abaqus. With 
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this method, the reinforcing bars behave as if those are perfectly bonded to the surrounding 
concrete. The tendon was also modeled with truss elements, which will be detailed later.  
The vertical movement was only restrained in order to model a symmetric boundary 
condition at the bottom of the model. The live-end block was not modeled explicitly; 
instead, fixed boundary conditions were applied at the interface where the curved wall 
adjoins the live-end anchor block. A displacement was enforced at one end of the truss 
elements representing the tendon to apply the prestressing load to the model. 
 
 
Figure 3.5: Abaqus analysis model  
The unbonded tendon was modeled using the spring system method introduced by 
Huang (2012). Instead of modeling holes, ducts, and strands explicitly with brick elements, 
this method adopts a combination of truss and spring elements for modeling the behavior 
of strands within a duct so that the computational cost can be significantly reduced. The 
post-tensioning tendon system model consists of three parts: strands (truss elements), a 
virtual tendon (truss elements), and springs. The truss elements for the strands and the 
virtual tendon shared the same geometry. They were placed at the centerline of the wall 
section in the model since the tendon was placed considering the eccentricity of the strands 
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in the actual test (see Figure 2.1). The virtual tendon is constrained by the concrete using 
the embedded technique of Abaqus and connected to the strands with spring elements. The 
node for the strands at the dead-end was directly related to the brick element to represent 
the anchorage of the strands. The stiffness of the virtual tendon was set to a minimal such 
that the influence of virtual tendon on the concrete behavior is negligible. As a result, the 
prestressing load transfer mechanism in concrete can be effectively simulated in the 
analysis model. (Huang, 2012). 
The spring system method proposed by Huang (2012) used SPRINGA element, 
which has length and can be used in both the implicit and explicit solver of Abaqus, to 
relate the strands and the virtual tendon. However, in the present study, SPRING2 elements 
with zero-length were employed. This element can show similar behavior to the link 
elements implemented in VecTor4, representing the interaction between the strands and 
the tendon, which will be detailed in the later section. Each set of two nodes at the same 
location in the tendon was connected with zero-length springs in three directions: a normal 
direction to the tendon, a tangential direction along the tendon, and a vertical direction (see 
Figure 3.6). The springs in the normal and the vertical directions were defined with 
sufficiently large stiffness to constraint the strands and the virtual tendon in those two 
directions. An appropriate stiffness was assigned to the springs in the tangential direction 
to account for the friction losses of prestressing strands. Friction losses are typically 




Figure 3.6: Schematics of zero-length springs defined between strands and tendon: 
(a) normal direction; (b) tangential direction; and (c) vertical direction 
Regarding the curved wall test specimen, the curvature of the tendon profile is 
considered as the primary source of friction losses (Choi, 2018). Therefore, in this study, 
friction losses were set only in the curved portion. The stiffness of springs representing the 
friction losses was adjusted based on the test results and checking the relationship between 





Figure 3.7: Example of adjusting spring stiffness (prestressing load at the live-end vs. at 
the dead-end) 
3.1.4. Validation: Parameter Investigation 
This section will present the parameter sensitivity studies regarding mesh density, 
dilation angle, and viscosity parameters to discuss the validity of the model for Abaqus. 
3.1.4.1 Mesh Density 
The mesh sensitivity study was conducted to investigate the mesh convergence and 
the computational cost. The sample problem of the linear elastic analysis for the cantilever 
beam subjected to end shear load provided by the Abaqus manual suggests that the 
C3D20R brick elements can give sufficiently accurate solutions even if the model has only 
one element through the thickness (Dassault Systemes Simulia Corp, 2017). However, the 
problem of interest in this thesis is expected to show severe nonlinearity. Besides, the 




























the tendon elements along the mesh line of the brick elements. Based on the above 
discussion, the minimum number of the elements through the thickness was set to four. 
Consequently, the models with element sizes of 1.0 in. (12 elements through the thickness), 
1.5 in. (8 elements through the thickness), 2.0 in. (6 elements through the thickness) and 
3.0 in. (4 elements through the thickness) were generated, respectively (see Figure 3.8). 
 
Figure 3.8: Generated model with element size of; (a) 1.0 in. (25.4 mm), (b) 1.5 in. 
(38.1mm), (c) 2.0 in. (50.8 mm), and (d) 3.0 in. (76.2 mm)  
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The estimated ultimate loads are summarized in Table 3.2. The model with the 
element size of 1.0 in. to 2.0 in. estimated the ultimate load with the error within 1.1% 
compared to the actual test result. The analysis with the element size of 3.0 in. 
overestimated the ultimate load by 5.2%. Given the variability in the material properties, it 
can be said that the estimated ultimate loads showed good agreement with the actual test 
result.   
Table 3.2: Estimated ultimate loads depending on the element size 
Element size Estimated ultimate load Error* 
mm (in.) kips (kN) (%) 
1.0 (25.4) 1450 (6448) -0.7 
1.5 (38.1) 1445 (6427) -1.1 
2.0 (50.8) 1466 (6521) 0.4 
3.0 (76.2) 1536 (6831) 5.2 
* The ultimate load of the test was 1460 kips (6496 kN) 
Figure 3.9 depicts the relationship between the applied prestressing load and the 
through-thickness expansions at the height of the upper tendon. In the early stage, the 
models are governed by the linear-elastic regime of the concrete material. After the 
prestressing load surpassing approximately 1000 kips, the responses from the analysis 
models vary depending on the mesh density. It is clearly shown that the models with coarse 





Figure 3.9: Through-thickness expansion (mesh sensitivity study) at location of; (a) 9-
























































































The cracked concrete elements should have the integration points with the tensile 
equivalent plastic strain 𝜀̃  greater than zero. Thus, the distribution of the tensile 
equivalent plastic strain 𝜀̃  can visualize the crack pattern of a model with the CDPM 
(Genikomsou, 2015; Dassault Systemes Simulia Corp, 2017). Figures 3.10, 3.11, and 3.12 
show the distribution of tensile equivalent plastic strain at the estimated ultimate load. 
From Figure 3.10, a horizontal crack along with the duct location, which is deemed a 
flexural crack, can be found in the inner surface of the analysis models. This crack pattern 
is also observed from the actual test specimen during the visual inspection. In Figure 3.11, 
it is found that the delamination crack occurred at approximately 15- to 21-degree locations 
in the analyses. On the other hand, the actual critical section in the test seems to be at 
around 9-degree based on the observation of the through-thickness expansions (Choi 
2020). The estimated through-thickness expansions at the 9-degree location tend to be 
smaller than the actual test results in all cases (see Figure 3.9). It was deemed that the fixed 
condition applied at the end of the live-end anchor block side excessively confined the 
curved wall section. Figure 3.12 depicts the sectional view of the distribution of equivalent 
plastic strains. The analysis models except for the model with the element size of 76.2mm 
implies that the test specimen experienced the local shear cracking, which agrees with the 
inspection of the actual test after the delamination failure. 
Based on this study, it can be concluded that the model with finer mesh may give 
solutions with better quality. However, the concrete is assumed to be homogeneous 
material in the CDPM. It is better to have spacings of integration points larger than the 
maximum aggregate size (1.0 in. (25.4mm) for the present specimen) to avoid violating 
this assumption. Therefore, the element size of larger than 2.0 in. (50.8 mm) can be 
preferable for 20-noded brick elements with reduced integration, which have a 2×2×2 
integration scheme.  
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Figure 3.10: Overview of crack pattern with element size of; (a) 1.0 in., (b) 1.5 in., (c) 
2.0 in., and (d) 3.0 in. 
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Note: the sectional views indicated in the figures are shown in Figure 3.12. 
Figure 3.11: Horizontal sectional view at duct location and crack patterns observed from 
the models with element sizes of; (a) 1.0 in., (b) 1.5 in., (c) 2.0 in., and (d) 
3.0 in.  
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Note: the sectional views indicated in the figures are shown in Figure 3.12. 
Figure 3.11 (cont.): Horizontal sectional view of crack pattern at height of upper tendon 
with element size of; (a) 1.0 in., (b) 1.5 in., (c) 2.0 in., and (d) 3.0 in. 
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Note: the horizontal sectional views indicated in the figures are shown in Figure 3.11. 
Figure 3.12: Sectional view of crack pattern at 15-degree location with element size of; 
(a) 1.0 in., (b) 1.5 in., (c) 2.0 in., and (d) 3.0 in.  
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3.1.4.2 Dilation Angle 
Dilation angle for the CDPM may considerably influence the analysis results. Lee 
and Fenves (1998) set the value of 0.2 for the parameter for dilatancy. This value 
corresponds to the dilation angle of 36-degree in the CDPM of Abaqus (Wosatko, 2019). 
Genikomsou (2015) explored the values between 20 to 42-degree for the dilation angle and 
concluded that the appropriate dilation angle could be 42-degree for the reinforced concrete 
slabs subjected to the punching shear. Based on these past studies, three different dilation 
angles (20-degree, 30-degree, and 40-degree) were selected to investigate the influence of 
dilation angles on the accuracy of analysis results. The adopted element size of the model 
for this study was 2.0 in. (50.8 mm). 
The estimated ultimate loads obtained from the analyses are summarized in Table 
3.3. The earned ultimate load with the dilation angle of 30-degree shows the minimum 
error among the analysis cases conducted for this study. 
Table 3.3: Estimated ultimate loads depending on dilation angle 
Dilation angle Estimated ultimate load Error* 
(degree) kips (kN) (%) 
20 1381 (6143) -5.4 
30 1466 (6521) 0.4 
40 1635 (7272) 12.0 
* The ultimate load of the test was 1460 kips (6496 kN) 
The through-thickness expansions obtained from each analysis are shown in 
Figure 3.13. From Figure 3.13, it can be observed that the larger dilation angle tends to 
overestimate both capacity and through-thickness expansions than the actual measured 
values. Overall, the analysis with the dilation angle of 30-degree shows the best agreement 


























































































The tensile equivalent plastic strain distribution representing the crack pattern of 
the analysis results is depicted in Figure 3.14 to Figure 3.16. From Figure 3.14, the longer 
horizontal crack induced by the sectional bending moment can be observed in the models 
with the lager dilation angle. Figure 3.15 shows that the horizontal crack due to the 
sectional flexure spreads over a wider area when a lager dilation angle is adopted. Figure 
3.16 depicts sectional flexural and shear crack patterns at the 15-degree location. It can be 
concluded that the analysis with a lager dilation angle results in a sectional flexure-
dominant response, i.e., horizontal crack dominant. In contrast, the sectional shear-
dominant response is observed for the model with a smaller dilation angle. Based on the 
observation of the analysis results, the dilation angle of 30-degree was selected and used 
for one of the main input variables in analyses.  
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Figure 3.14: Overview of crack pattern (equivalent tensile plastic strain distribution) with 
dilation angle of; (a) 20-degree, (b) 30-degree, and (c) 40-degree 
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Note: the sectional views indicated in the figures are shown in Figure 3.16. 
Figure 3.15: Horizontal sectional view of crack pattern at height of upper tendon with 
dilation angle of; (a) 20-degree, (b) 30-degree, and (c) 40-degree 
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Note: the horizontal sectional views indicated in the figures are shown in Figur 3.15. 
Figure 3.16: Sectional view of crack pattern at 15-degree; (a) 20-degree, (b) 30-degree, 
and (c) 40-degree  
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3.1.4.3 Viscosity parameter 
The viscosity parameter 𝜇 can help the convergence of the analysis with softening 
materials. Still, it should be sufficiently small relative to the time increment of the analysis 
as the impact of the viscosity parameter depends on the time increment of analyses 
(Dassault Systemes Simulia Corp, 2017). On the other hand, Abaqus automatically controls 
the time increment of analyses. Ideally, the analysis without using this parameter can give 
the most appropriate solutions. However, many problems involve severe material 
nonlinearity, and such problems are rarely solved without the viscosity parameter. 
Therefore, the additional analysis with the viscosity parameter of 0.0 was conducted to 
check the suitability of the chosen value (𝜇=1 10 ). The model with the element size 
of 2.0 in. (50.8 mm) was used for this study. 
The through-thickness expansions obtained from the analyses are compared in 
Figure 3.17. The overall trends of those two analysis results were almost the same. Figure 
3.18 shows the close-up view of the area around the ultimate load in Figure 3.17 (b). It can 
be observed that the analysis with the viscosity parameter of 0.0 does not show the drop of 
the prestressing load. This is because the analysis with the viscosity parameter of 0.0 stops 




Figure 3.17: Analytically obtained and experimentally measured through-thickness 
expansions at locations of ; (a) 9-degree, (b) 15-degree, and (c) 21-degree 
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Figure 3.18: Close-up view of Figure 3.17 (b) 
The tensile equivalent plastic strain distribution representing the crack pattern is 
depicted in Figure 3.19 to Figure 3.21. Figure 3.19, 3.20, and 3.21 show the overview, the 
horizontal sectional view at the height of the tendon, and the sectional view at the 15-degree 
location of the model, respectively. The shown figures with the viscosity parameter of 0.0 
were taken at the last step of the analysis, whereas the figures with viscosity parameter of 
1 10  were at its ultimate load. It should be noted that the deformation levels where 
those figures were taken are almost the same, as can be seen in Figure 3.18. The analyses 
show almost the same equivalent tensile plastic strain pattern. It can be concluded that the 
value of 1 10  can enable the analysis to show the peak of the prestressing load 
without a huge impact on the analysis results. 
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Figure 3.19: Overview of crack pattern viscosity parameter of; (a) 0.0, and (b) 1 10  
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Note: the sectional views indicated in the above figures are shown in Figure 3.21. 
Figure 3.20: Horizontal sectional view of crack pattern at height of upper tendon (tensile 
equivalent plastic strain) with viscosity parameter of; (a) 0.0, and (b) 
1 10  
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Note: the horizontal sectional views indicated in the figures are shown in Figure 3.20. 
Figure 3.21: Sectional view of crack pattern at 15-degree location with viscosity 
parameter of; (a) 0.0, and (b) 1 10   
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3.2. VECTOR4 
The academic program VecTor4 belongs to the suite of VecTor programs. VecTor 
is a nonlinear finite element program for the concrete structures developed at the University 
of Toronto. Among the series of the VecTor programs, VecTor4 is specialized in the shell 
and slab structures. The version of the VecTor4 program adopted in the present study is a 
modified version reported by Choi (2018), which was redeveloped by Hrynyk (2013). 
3.2.1. Disturbed Stress Field Model (DSFM) 
The theoretical basis governing the behavior of reinforced concrete in VecTor4 is 
the Disturbed Stress Field Model (DSFM) proposed by Vecchio (2000), which was 
developed as an extension of the Modified Compression Theory (MCFT). The DSFM treats 
cracked reinforced concrete as an orthotropic nonlinear elastic material based on a smeared 
hybrid rotating-fixed crack model (Vecchio, 2000).  
In the MCFT, cracked reinforced concrete was assumed to be a fully rotating 
smeared crack model (Vecchio and Collins, 1986). Cracked reinforced concrete elements 
were governed by equilibrium, compatibility, and constitutive relations of cracked concrete 
and reinforcing bars, which were formulated in an averaged sense. Though the MCFT was 
described in an averaged sense, local stress conditions were checked at crack locations. 
The constitutive relations derived based on the series of reinforced concrete panel tests at 
the University of Toronto. The reduction of strength and stiffness of cracked concrete in 
compression due to the high tensile strains in the direction normal to the compression was 
considered. Also, the MCFT included a tension stiffening effect in the concrete between 
cracks. 
In comparison to the MCFT, the primary advancement in the DSFM was the 
consideration of shear slip phenomena on crack surfaces in compatibility conditions. The 
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inclusion of crack slips allows the divergence of principal stress and principal strain 
directions of elements, which is more consistent with the results of the panel tests (Vecchio, 
2000; Vecchio, 2001). 
It should also be mentioned that the VecTor programs use the secant stiffness 
algorithm. With the secant stiffness algorithm, the asymmetry in the stiffness matrix is 
avoided in the numerical implementation (Vecchio, 2001; Selby and Vecchio, 1997). 
3.2.2. Shell Element with Layered Approach 
In VecTor4, the heterosis type shell element is adopted to maintain the efficiency 
of the computational cost of the shell elements while avoiding shear locking and the 
spurious zero-energy effect. The heterosis shell element takes advantage of both 
serendipity shape functions and Lagrange shape functions. Each nine-noded shell element 
has 13 Gaussian integration points, of which 9 points are used for bending and 4 points for 
shear (Hrynyk and Vecchio, 2015; Hrynyk, 2013). 
The layered approach is employed to consider the nonlinear distribution of in-plane 
stresses and stiffnesses through the thickness of the shell (see Figure 3.22). In the layered 
approach, the local stresses are assumed to be constant over the height of each layer. In-
plane reinforcement are also defined as discrete layers in shell elements with a smeared 
manner. In an effort to consider the out-of-plane shear, a parabolic shear strain distribution 
is assumed, which results in better accuracy of the out-of-plane behavior of the shell 
elements. The sectional forces are obtained by integrating the stresses within a shell 
element consists of concrete and steel layers (Hrynyk and Vecchio, 2015).  
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Figure 3.22: Shell element with layered approach (adapted from Hrynyk and Vecchio 
2017) 
In general, the out-of-plane normal stress is assumed to be negligible in shell 
elements. The original formulation in the redeveloped version of VecTor4 by Hrynyk 
(2013) enforces the zero out-of-plane normal stress distribution over the height of shell 
elements. However, the prestressing tendons with curved profiles induce out-of-plane 
normal stresses, and these stresses may result in concrete delamination. Thus, Choi (2018) 
modified the out-of-plane normal stresses in each layer to account for the variation of the 
out-of-plane normal stresses due to the post-tensioning of the curved walls, yet the 
equilibrium conditions of shells still hold. In the modified version of VecTor4, the non-
zero normal stress distribution with a centrally-located (mid-depth) tendon shown in Figure 
3.23, which is the function of the location of the truss element representing the tendon duct, 
is enforced through the depth of the shell elements (Choi, 2018). The delamination cracking 
is captured using the Mohr-Coulomb criterion. Once the out-of-plane normal stress 
satisfies the criterion, the out-of-plane stiffnesses of outer layers within a shell element are 
automatically reduced. Additionally, the out-of-plane stresses normal due to prestressing 
force are expected to concentrate in the vicinity of the duct and rapidly decay as the in-
plane distance from the tendon increases. A simplified exponential function representing 
the decaying of the out-of-plane normal stresses due to the stress concentration (Acharya 
 53 
and Menon 2003) was also incorporated into the modified version of VecTor4 as a 
decaying factor 𝐾  to account for the in-plane variation of the out-of-plane normal 
stresses (see Figure 3.24). 
 
 
Figure 3.23: Normal stress distribution for centrally located (mid-depth) tendon (adapted 
from Choi, 2018) 
 
Figure 3.24: Stress decaying factor (adapted from Choi, 2018) 
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3.2.3. Modeling of Curved Wall Specimen 
3.2.3.1. Behavioral Model Options and Parameters for Material models 
VecTor4 offers multiple options for the material and behavioral models. The 
default material and behavioral models provided by VecTor4 are summarized in Table 3.4. 
It should be noted that the subroutine for the delamination failure was incorporated into the 
modified version of VecTor4 by Choi (2018) but not listed in Table 3.4. 
Table 3.4: Behavioral models (adapted from Hrynyk, 2013) 
Concrete Models   
Compression Base Curve  : Hognestad (parabola)  
Compression Post-Peak  : Modified Park-Kent 
Compression Softening  : Vecchio 1992-A 
Tension Stiffening  : Modified Bentz 
Tension Softening  : Linear 
FRC Post-Crack Tension  : SDEM 
Confined Strength  : Kupfer / Richart 
Dilatation  : Variable - Kupfer 
Cracking Criterion  : Mohr-Coulomb (stress)  
Crack Stress Calculation  : Basic (DSFM/MCFT)  
Crack Width Check  : Crack Limit (agg/2.5)  
Crack Slip Calculation  : Walraven 
Hysteretic Response  : Nonlinear w/ Plastic Offsets 
 
Reinforcement Models   
Hysteretic Response  : Bauschinger (Seckin) 
Compression Post-Peak  : Tassios (crack slip) 
 
Analysis Options   
Shear Analysis Mode : Parabolic Shear Strain 
Strain History  : Considered 
Strain Rate Effects  : CEB/Malvar-Crawford 
Structural Damping  : Rayleigh 
Geometric Nonlinearity  : Considered 
Crack Allocation  : Uniform 
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The material test results shown in Table 2.1 were directly used as mechanical 
properties for concrete and steel required in VecTor4.  
3.2.3.2. Finite Element Modelling 
The test specimen was fully modeled, including the live- and dead-end anchor 
blocks by assigning varying thickness to shell elements (see Figure 3.25). In-plane 
reinforcing bars were modeled as layers of reinforced concrete shell elements. Truss 
elements were employed for the prestressing tendons and connected to the corresponding 
shell elements using link elements. 
The nodes at the bottom of the live-end anchor block were fully fixed. The 
circumferential rotational deformations of the nodes at the mid-height of the wall were 
restrained to prevent unrealistic rotational deformation during the analysis. This rotational 
deformation is negligible at the low load level. However, throughout the loading steps, it 
accumulates and potentially leads to unrealistic failure modes. Restraining the rotational 
deformations improves convergence as well as produces accurate predictions (Choi 2018). 
Only one node of truss elements at each tendon where the prestressing load is applied was 
restrained. There was no restraint for other nodes in truss elements. The prestressing load 
was applied to the nodes at the end of the strands modeled with truss elements in the live-




Figure 3.25: Modeling Approach used in VecTor4 
Link elements were employed to mimic the behavior of prestressing strands within 
the ducts (see Figure 3.26). Link elements in the modified VecTor4 are two-noded zero-
length elements that can transfer the prestressing forces to the shell elements representing 
the reinforced concrete wall. The fundamental idea of the link elements is a set of three 
zero-length truss elements oriented in three orthogonal directions in the local coordinate 
system. The interaction between concrete and reinforcing bars or prestressing strands can 
be modeled by defining appropriate stiffness to each zero-length truss in the link element. 
One of the local coordinate axes of the link element is aligned with the tangential direction 
of the adjoining truss element representing tendons. By assigning appropriate spring 
stiffness to the zero-length truss of a link element in a tangential direction, the friction 
losses along the length of the specimen can be simulated. In contrast, the sprig stiffness of 
transverse directions needs to have sufficiently large stiffnesses to constraint the truss 
element and the shell elements. The spring stiffness of a link element aligned in the 
tangential direction can be obtained on the basis of the conventional friction loss equation 
in ACI-423 2016 (Choi, 2018; ACI-ASCE Committee 423, 2016). 
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Figure 3.26: Link element (reproduced from Choi, 2018) 
The element size and the number of layers in the shell elements were determined 
based on the mesh sensitivity studies reported by Choi (2018). The curved wall was meshed 
with 16 elements in its vertical direction and divided into ten elements along the 
circumferential direction. Each element has 12 layers along its out-of-plane direction of a 
shell element. The generated mesh is shown in Figure 3.27. 
 
Note: the thickness of layers in shell elements are visualized in the above figure. 
Figure 3.27: Generated mesh for VecTor4 
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3.2.5 Validation: Parameter Investigation 
A concrete compressive base curve model may influence the behavior of the 
specimens before the delamination failure since those structures are subjected to the 
circumferential compression stress (Choi 2018). Therefore, the influence of the 
compressive base curve was investigated in this study. Three models for the compressive 
base curve (Hognestad 1951; Popovics 1973; Thorenfeldt et al. 1987) provided in the 
VecTor4 program were selected for this study. The Hognestad model (see Equation 3-11) 
is a parabolic equation that was adopted in the original MCFT. It should be noted that the 
model of Popovics and Thorenfeldt et al. are referred to as “Popovics (NSC)” and 
“Popovics (HSC)” in VecTor4, respectively. Both models are expressed as follows. 







 Equation 3-14 
 where, 𝑓 Compressive strength of concrete, psi 
   𝑓 Compressive stress at 𝜖 , psi 
   𝐸 Secant modulus; E ∙  
   𝑛 0.4 10 𝑓 1.0 







 Equation 3-15 
 where, 𝐸 Secant modulus; E ∙  
   𝑛 0.8  
   𝑘 1.0, ϵ 𝜖 0 
   𝑘 0.67 , 𝜖 ϵ  
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Figure 3.28 depicted the compressive base curve of each model used for the current 
study. One noticeable difference is that the Hognestad model shows slightly higher initial 
stiffness than other models. 
 
Figure 3.28: Compressive base curve of each model 
The analysis results were compared, focusing on the ultimate load and 
circumferential strains at the locations shown in Figure 2.6. It should be noted that the 
measured circumferential strain data shown in the figure were averaged over the height of 
the specimen at each section, and the circumferential strains extracted from the VecTor4 


















0.0 1.0 2.0 3.0
Hognestad (1951)
Popovics (1973)
Thorenfeldt et al. (1987)
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The estimated ultimate loads with each analysis case are summarized in Table 3.5. 
It is deemed that the influence of the compressive base curve on the ultimate load prediction 
is minimal. 
Table 3.5: Estimated ultimate load (influence of compressive base curves) 
Compressive base curve Estimated ultimate load Error*  
kips (kN) (%) 
Hognestad (1951) 1353 (6016) -7.4 
Popovics (1973) 1351 (6011) -7.5 
Thorenfeldt et al. (1987) 1346 (5956) -7.9 
* The ultimate load of the test was 1460 kips (6496 kN) 
Figure 3.29 shows the circumferential strains of the inner surface at the 15- and 45-
degree locations of the specimen obtained from the actual test and the analyses. The 
analysis results with Popovics (1973) shows the best agreement with the actual test results. 
The Hognestad parabola gave a stiffer response than the test results. With Thorenfeldt et 

































































Chapter 4. Discussion 
This section will discuss the relative merits and limitations of the commercial 
program Abaqus and the academic program VecTor4 based on the analytical study on the 
delamination behavior of a recently tested post-tensioned concrete curved wall. 
As for the user interface, Abaqus provides a user-friendly graphics-based pre- and 
post-processor called Abaqus CAE. On the other hand, VecTor4 also has its graphics-based 
user interfaces called FormWork-plus and Janus as pre- and post-processors, respectively 
(Wong et al., 2013; Chak and Vecchio, 2013). However, due to the discrepancy between 
the development of VecTor4 source code and pre- and post-processors, users need to deal 
with text-based data to some extent. For example, when users want to model the structures 
with complex geometry in the pre-processor, a text-based input generated by users could 
be more intuitive and a better option than its pre-processor. To visualize the distribution of 
arbitrary variables in the manner of contour plot in post-process, users may need other post-
process programs than Janus. Since those programs are not typically developed for 
VecTor4, users may need to interpret the results based on the text-based output files. 
The validation analyses with both Abaqus and VecTor4 were conducted. Regarding 
Abaqus, the appropriate element size, and dilation angle ware investigated. In addition to 
those parameters, the suitability of the viscosity parameter was also checked. The analysis 
results imply the program can capture the delamination behavior of post-tensioned concrete 
curved structures if the parameters are appropriately calibrated. As for the modified 
VecTor4 program, analysis results show good agreement with the test results obtained from 
the recent test as well as the previous series of tests on concrete delamination. 
Regarding the material models, the CDPM of Abaqus has complicated parameters 
such as the dilation angle and viscosity parameter. These parameters may have a 
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considerable impact on analysis results and should be calibrated for each problem. 
Therefore, the calibration of the CDPM can be challenging. However, Abaqus can be a 
powerful tool if the calibration data of the similar problems are available. As for VecTor4, 
the input values required for the program are basic material test results (e.g., cylinder test 
date, steel coupon test data), and the analysis parameters are automatically calculated 
within the program. Users only need to choose appropriate behavioral models depending 
on material properties, loading conditions, and modeling strategies.  
The computational cost of Abaqus and VecTor4 are compared by counting degrees 
of freedom and the number of integration points required to model the entire specimen for 
the recent test. In general, these numbers have a significant impact on computational cost. 
With Abaqus, 266,904 degrees of freedom and 147,828 integration points are required if 
the test specimen is modeled with full-height, including the live-end and dead-end anchor 
block with the element size of 76.2 mm (3.0 in.) (see Table 4.1). As for VecTor4, the same 
type of analysis can be achieved with 5,007 degrees of freedom and 19,786 integration 
points (see Table 4.2). Thus, the required number of degrees of freedom and the integration 
points in VecTor4 is 1.9 % and 12 % of those numbers required in Abaqus, respectively. 
Therefore, as expected, the modified VecTor4 can capture the delamination behavior of 
the test specimen efficiently. When it comes to a system-level analysis, modified VecTor4 
could be a powerful tool to efficiently evaluate and assess of delamination behavior. 
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Table 4.1: Degrees of freedom and number of integration points required for full height 
models in Abaqus  
Element size Total degrees of 
freedom 
Total number of 
integration points mm (in.) 
1.0 (25.4) 5,641,110 3,497,144 
1.5 (38.1) 1,766,910 1,059,742 
2.0 (50.8) 411,030 449,104 
3.0 (76.2) 266,904 147,828 
 
Table 4.2: Number of integration points required for full-height model in VecTor4 
Total degrees of 
freedom 





Chapter 5. Summary and Conclusion 
In the present study, the commercial FEM program Abaqus was selected to evaluate 
the delamination behavior of the post-tensioned concrete curved wall, and its performance 
was compared with VecTor4 analysis results. The analysis results of Abaqus shows good 
agreement with the overall behavior observed in the latest test. The numerical analyses 
with the modified VecTor4 program, which had already been proved to be a powerful tool 
for the concrete delamination of the curved walls, were also performed for the recent test. 
VecTor4 shows reasonably accurate performance for capturing the delamination behavior 
of the recent test. 
The relative merits and limitations of Abaqus and VecTor4 based on the analyses 
of the recently tested curved post-tensioned concrete structure are summarized in Table 
5.1, mainly focusing on their user interface, material models, validity, and computational 
cost. As for the user interface, Abaqus provides a well-structured pre- and post-processor. 
VecTor4 also has its graphical-based user interface, but users need to deal with the text-
based data to some extent. Regarding the material models for concrete, Abaqus provides 
the CDPM, which potentially has the capability to capture the behavior of concrete 
structures subjected to general loading conditions. Still, its calibration may be challenging 
because some of the parameters of the CDPM are complicated. On the other hand, the 
behavior of DSFM in VecTor4 can be determined with the parameters obtained from 
simple and standard material tests. Thus, the user input requirements of the DSFM are 
much simpler than Abaqus. Abaqus shows excellent performance for the analysis of the 
delamination behavior of the post-tensioned concrete wall using brick elements. 
Furthermore, the analysis results with Abaqus implies the possibility to predict the detailed 
information such as the crack pattern of the specimen. As for the analyses with VecTor4, 
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those results proved that VecTor4 is an appropriate tool to trace the overall behavior of the 
wall delamination again. Lastly, the computational costs required to analyze the recent test 
with each program ware compared. The total degrees of freedom and the number of 
integration points used in the analyses reveals that the required computational cost with 
Abaqus tends to be much expensive than that of VecTor4. 
For the next step, the additional calibration of the CDPM might be necessary to 
ensure the accurate delamination behavior predictions in general because the parameters 
used in this study were only validated based on one test result.  
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Table 5.1: Relative merits and limitations of Abaqus and VecTor4 
  
Abaqus R2017x 
Modified VecTor4  
(Hrynyk, 2013; Choi, 2018) 
User interface  A well-structured graphics-
based interface is provided for 
both pre- and post-process. 
 Though the graphics-based pre-
processor program FormWorks-
plus and the post-process program 
Janus are available, users basically 
need to deal with the text-based 




 Abaqus offers two material 
models for concrete available in 
its implicit solver. Regarding 
the CDPM, the model has 
complicated parameters that 
need to be calibrated, and the 
calibration can be challenging. 
 The material model for reinforced 
concrete is based on the DSFM. 
The parameters governing the 
DSFM can be defined by the 
material tests, which makes the 
calibration simple. 
Validity  The ultimate load can be 
evaluated appropriately using 
brick elements and the concrete 
material model in Abaqus. 
 Abaqus may capture detailed 
information such as crack 
patterns in sections. 
 The ultimate load can be evaluated 
appropriately using the shell 
elements and the concrete material 
models in VecTor4. 
Computational 
cost 
 The computational cost tends to 
be more expensive than 
VecTor4 if the brick elements 
are adopted.  
 Appropriate solutions can be 
obtained with high computational 
efficiency owing to the adoption of 
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